employed Pseudo-Noise (PN) spreading codes, exhibiting The family of Multi-Carrier Direct-Sequence CDMA (MC DSnon-zero off-peak auto-correlations and cross-correlations. CDMA) systems exhibits numerous attractive properties, which These correlation properties potentially result in a high Mulrender tion may be extended with the advent of multi-carrier DSlong as both the propagation delay-induced and the unco-CDMA proportionately to the number of subcarriers. Hence ordinated asynchronous time-offset of the spreading codes the resultant MC DS-CDMA system is capable of exhibiting a is within the IFW. Provided that these conditions are satnear-single-user performance without employing a multi-user isfied, a major benefit of the LAS codes is that they are detector. A deficiency of the resultant system is that the numcapable of achieving a near-single-user performance withber of spreading codes exhibiting a certain IFW is limited and out multi-user detectors. More specifically, interferenceso is the IFW duration. This contribution sets out to mitigate free CDMA communications become possible, when the the above-mentioned shortcomings so that when the users' detotal time-offset expressed in terms of the number of chip lays are in the range of the IFW, we separate them with the aid intervals, which is the sum of the time-offset of the mobile of the unique, user-specific LAS spreading codes. By contrast, terminals plus the maximum channel-induced delay spread when the users roam at a high distance from the base-station is within the designed IFW.
render them attractive candidates for next-generation wiretiple Access Interference (MAI) and limit the achievable less communications. We demonstrate that spreading codes capacity of the network. Recently, the attractive family of exhibiting a so-called interference-free window (IFW) are caLarge Area Synchronized (LAS) CDMA spreading sequences pable of outperforming classic spreading codes, when the inhas been proposed, which is constituted by the combination terfering multi-user and multipath components arrive within of the so-called Large Area (LA) codes [5, 6] and Loosely this IFW. The best possible quasi-synchronous timing of the Synchronous (LS) codes [7] . The resultant LAS codes exspreading sequences has to be adjusted with the aid of achibit an Interference Free Window (IFW) [5, 6] , where both curate adaptive timing advance control, which has to be sigthe off-peak aperiodic autocorrelation values as well as the nificantly more accurate than that used in the lower-bit-rate aperiodic cross-correlation values become zero, resulting second-generation GSM system. Firtunately, the IFW durain zero Inter-Symbol Interference (ISI) and zero MAI, as tion may be extended with the advent of multi-carrier DSlong as both the propagation delay-induced and the unco-CDMA proportionately to the number of subcarriers. Hence ordinated asynchronous time-offset of the spreading codes the resultant MC DS-CDMA system is capable of exhibiting a is within the IFW. Provided that these conditions are satnear-single-user performance without employing a multi-user isfied, a major benefit of the LAS codes is that they are detector. A deficiency of the resultant system is that the numcapable of achieving a near-single-user performance withber of spreading codes exhibiting a certain IFW is limited and out multi-user detectors. More specifically, interferenceso is the IFW duration. This contribution sets out to mitigate free CDMA communications become possible, when the the above-mentioned shortcomings so that when the users' detotal time-offset expressed in terms of the number of chip lays are in the range of the IFW, we separate them with the aid intervals, which is the sum of the time-offset of the mobile of the unique, user-specific LAS spreading codes. By contrast, terminals plus the maximum channel-induced delay spread when the users roam at a high distance from the base-station is within the designed IFW.
and hence their received signal arrive outside the range of the In order to ensure that the relative time-offsets between IFW, we separate them using their unique frequency hopping the codes are within the IFW, the mobiles are expected to patterns.
operate in a quasi-synchronous manner. [1] [2] [3] .
niques have been proposed for circumventing these limitaThis scheme is capable of amalgamating the benefits of slow tions. FH, OFDM [4] and DS-CDMA. This scheme exhibits sevBy contrast, in this contribution, we will consider SFH eral advantages, such as supporting flexible multirate and and code hopping (CH) assisted MC DS-CDMA (SFH-CH variable rate services, maintaining a high diversity gain, as MC DS-CDMA) to circumvent this potential synchronizawell as supporting backwards compatibility with the opertion problem associated with the limited-duration-IFW as ational 2nd-and 3rd-generation mobile wireless systems, well as with the limited number of LAS codes. The princiwhile providing more powerful features for future broadple of the proposed SFH-CH MC DS-CDMA is that when band wireless communication systems. In [2] , the authors the users' delays are in the range of the IFW, we separate is depicted in Fig. 2 To elaborate a little further, the CWC(U, Uk) plays two different roles. Itsfirst role is that its weight -namely Uk -determines the number of activated subcarriers invoked, while its secondfunction is that the positions of the Uk number of binary '1 's determine the selection of a set of Uk number of activated subcarrier frequencies from the U number of frequency synthesizer outputs. At the transmitter of the shown in Figure 1 , the two users at the left are close to the BS and hence their associated delays are within the range of Uk -1 the IFW, therefore we separate them using the LAS spreadsk(t) = 3 2Pbku(t)Ck(t) cos (2Tf(k)t + 9(k) ing codes C1 and C2. By contrast, the delay-induced timingu=o offset between the users at the left and those at the right ex-(1) ceeds the zero-range of the IFW, hence we have to separate where P represents the transmitted power per carrier, while them with the aid of their unique, user-specific frequency Uk indicates the weight of the CWC currently employed hopping patterns FH1 and FH2. Hence, the proposed FH- by the kth user. Furthermore, bks (t) represents the current CH MC DS-CDMA system will enable us to suppress the data stream's waveform, ck (t) denotes the kth user's DS effects ofMAI.
spreading waveforms, while {(k) } and { (k) represent
The organization of this paper is as follows. Section 2 the current subcarrier frequency set and modulation phase describes our system model, Section 3 characterizes the achiev-set, respectively.
able performance of the proposed system, while Section 4
The conventional matched filter based RAKE receiver provides our performance study. Finally, Section 5 offers using Maximum Ratio Combining (MRC) can be invoked our conclusions.~~~~~~~f or detection, as shown in Fig. 2 , where we assume that L number of diversity paths are available. In contrast to the 2. SYSTEM MODEL transmitter side, where only UkC out of U activated subcarriers are transmitted by user k, at the receiver all U subcarriThe model of the transmitter and the multiple access chaners are always tentatively demodulated. Following a similar procedure to that described in [11] More explicitly, the number of frequency hopping hits [10] and a range of arduous, but fairly standard calculations, the at this subcarrier was Kh. For (6) atively low, when the users' delays are within the range of 0Q=8 U=4 K=128 N=128 r =15 ps the IFW. Hence, we partitioned the total number of users 10 Q U K N t = ts K into four different groups according to the users' delay.
Each group had the same number of K/4 users. Then we -1 0 o selected four different CWC(Q, U) FH codes for these four groups of users, where these FH codes have the maximum 102 possible Hamming distance [10] . In each group, every user will be assigned to a unique, user-specific LAS In our investigations we compared a traditional and a LAS-LAS DS-CDMA, when each subcarrier is subjected to indecode based SFH MC DS-CDMA system. The associated pendent narrow-band Rayleigh fading. The system paramesystem parameters are summarized in Table 1 .
ters were summarized in Table 1 .
In the LAS-CDMA 2000 system [12] the LA(2552,136,17) and LS (4, 32, 4) [3] . The width formance at a BER of 10-3, although it remained signifiof the IFW was t = 3TC and the maximum delay differcantly better than that of the traditional random codes comence of the users was Tmax = 15,us, which corresponds to a bined with random FH. cell radius of 4.5km, while the negative exponential MIP's Finally, Fig. 5 displays the performance ofthe proposed decay factor was r = 0.2. system, when supporting multi-rate services, where the chip- Fig. 3 with Uk= U, k = 1, . . ., K when supporting multi-rate serthe Q = 8 subcarriers was 320kchips/s, which was a facvices, since the randomly activated subcarriers of multi-rate tor of Q = 8 lower than that of an identical-bandwidth service increase the "hit" probability [10] . Nonetheless, the single-carrier CDMA system. Hence the MC-CDMA syssystem's performance still remains superior in comparison tem's IFW was extend by an identical factor, allowing for to that of the traditional random code based system. commensurate cell-size extension. Observe in Fig. 3 that SFH/CH LAS MC DS-CDMA invoking the proposed LAS 5. CONCLUSIONS codes and orthogonal CWC-based frequency hopping is capable of approaching the single-user performance. FurtherIn this paper we investigated the performance of a novel more, the performance of the proposed frequency hopping SFH LAS MC DS-CDMA system, which is capable of cir- 
